Third, the K-6 science curriculum is in a state of flux within individual school districts (including our partner, Binghamton City School District), in New York State, and across the nation. District-level K-6 science curricula typically exist, at best, as draft curriculum outlines or "maps" that suffer from a lack of research-informed articulation at the intergrade and intragrade levels, and from a lack of sufficient details about how to address the state-mandated concepts and skills at the classroom level. As a result, K-6 science instruction is typically sparse and uneven, varying from teacher to teacher, from grade level to grade level, from building to building, and from district to district. Although the science textbooks recently purchased by our district partner came with some much-needed basic science equipment and supplies, the typical elementary teacher had neither the science knowledge nor the pedagogical knowledge to use these materials to put flesh on the bare bones of the district's draft curriculum maps.
Thus, a partnership between elementary-school teachers who are experts in children's learning and a university that is rich in science content, process, personnel, and equipment has great potential. Elementary-school teachers can provide pedagogical expertise and approaches suitable to the age of their students and to the diversity represented in their classrooms. In a complementary fashion, as trained resource aides, graduate teaching fellows can provide up-to-date scientific information and engaging activities to develop concepts, habits, and skills necessary for future study and work in science.
The NSF GK-12 program at Binghamton University
The National Science Foundation (NSF) Graduate Teaching Fellows in K-12 Education (GK-12) program is designed to strengthen ties between K-12 and postsecondary education. In the NSF GK-12 program at Binghamton University, State University of New York, graduate students who are training as research scientists serve as part-time resource aides for K-12 teachers instead of working as teaching assistants for undergraduate courses. The graduate students are provided special training and then paired with teachers in a school district. Binghamton University's district partner, the Binghamton City School District, faces a variety of socioeconomic challenges, such as a relatively high proportion of lowerincome students (i.e., those receiving free or reduced-fee lunch) and of those with English as a second language. Our program focuses on grades 3-6 and on graduate students with baccalaureate degrees in biology, chemistry, earth sciences, engineering, and physics.
Why would students seeking careers in research want to participate in this program? Part of becoming a scientist is learning to communicate with other scientists, which often requires the use of technical words and abstract concepts (Kenny et al. 1998) . But that becomes a stumbling block when trying to communicate to nonscientists. A year or two working in K-12 schools helps these future scientists hone their communication skills (Mervis 1999) . They are better able to explain their work to the public, to students of any age, and to people in industry and government. Furthermore, many graduate students receive little or no training in science education when they are teaching assistants for university courses, but this program provides specific training in science education that applies at any level.
Our approach
The conceptual focus of the program was on developing an educational culture that emphasizes using 5E teaching cycles of instruction, with an emphasis on identifying and challenging students' preconceptions and misconceptions, while testing and refining the 5E cycles using the research-lesson approach. The "5E" in "5E cycles" refers to a sequential format of activities that encourage students to "engage, explore, explain, elaborate, and evaluate," and "cycle" refers to the need to revisit concepts within and across cycles (Bybee 1993) . The term research lesson refers to the idea of developing and continually refining a series of inquiry-based lessons through observation, assessment, and shared reflection (Stigler and Hiebert 1999) .
The 5E-cycle instructional unit. Our objective was to develop a linked series of 5E cycles for each instructional unit. The 5E approach is particularly effective for challenging children's misconceptions and giving them the opportunity to reconstruct their ideas. Typically the "engage" phase includes a preassessment and a discrepant event (i.e., a surprising or puzzling demonstration of a scientific phenomenon, with an outcome that students are unlikely to expect) to challenge students' misconceptions (Dreyfus et al. 1990 ). Demonstrations and hands-on activities can occur in each phase. The "evaluate" phase typically requires application and may reuse the preassessment survey as a postassessment. The 5E cycles stress habits of mind as well as content. To date, we have developed about 18 usable drafts of 5E units that match the curriculum maps and state standards for each of grades 3-6.
As an example of the type of activities and the linearity of conceptual development, here is an abbreviated version of how the 5E sound unit for grade 3 works. The unit begins with the "engage" phase, using "What Was That Sound?" (a bingo game based on identifying sounds from "spectacular sound effects" CDs), "Shake, Rattle and Roll" (identifying items in a closed container by sound), or both. The "explore" phase begins with "What Is Sound?" This activity pairs students, who take turns as the speaker (with hand on larynx) and the observer, for the purpose of describing and discussing what they are learning about sound. It is followed by "Rock and Roll Puffed Cereal": puffed cereal in an aluminum pan on the speaker of a boom box (with the speaker lying horizontally), with the sound gradually increased, further illustrating the relationship of sound and vibration. The "explain" phase includes discussion, introduction of terms, and additional demonstrations, such as dominoes arranged like the spokes of a wheel, so that a tennis ball dropped in the center causes the dominoes to fall outward in all directions like an energy wave from a sound source. The "elaborate" phase includes "Underwater Sounds," for which students half-fill a plastic ziplock bag with water, place an ear against it and a ticking clock on the other side, and plug the other ear with a finger. In addition, a demonstration with a tuning fork shows that a vibrating fork in water causes water to move (i.e., molecules to vibrate). In the "evaluate" phase, student teams build and test their own instruments (e.g., flute, drum, one-string guitar) and explain how sound is generated from them. After taking this unit, 21 percent fewer third graders (n = 80) reported the misconception that sound is made when an object vibrates (in fact it comes from an object creating vibrating air, which in turn causes a receptor object to vibrate), and 26 percent fewer reported the misconception that sound cannot travel through water. The research on misconceptions shows that it is difficult to replace misconceptions (Hewson and Hewson 1988) ; hence the need for 5E teaching cycles that revisit concepts within and across school years.
Although many articles (and some books) have been written about the preconceptions and misconceptions of students related to various science phenomena, this information is not readily available to teachers, is not presented in curriculum materials side by side with unit or lesson objectives, does not address differences among diverse students, and typically does not include instructional sequences or teaching cycles that directly identify and resolve the cognitive conflict between "school science" and students' everyday notions of how the world works. Our 5E teaching cycles were designed to remedy that.
Identifying the preconceptions and misconceptions of students and using the 5E model for instruction can and should be part of teaching at the college level (NRC 1997) . With the fellows learning the value of these approaches firsthand, they are more likely to use them as they develop their teaching style for the instruction of college students.
The research-lesson approach. The idea for the development, analysis, and documentation of a lesson series is based on the research-lesson philosophy used to teach science in elementary schools in Japan (Lewis and Tsuchida 1998) . A research lesson typically requires several classroom sessions. Research lessons are classroom lessons that have some special features in terms of their development (Lewis and Tsuchida 1998) . They are planned collaboratively, they focus on process (e.g., the objective might be to help students be active problem solvers or develop scientific ways of thinking), they are recorded (e.g., using audiotapes, videotapes, narrative and checklist observations, or copies of student work), they are analyzed (by the instructor and observers), and they are regarded as products to be continually refined and adapted for subsequent use by anyone. It is important to introduce the "research lesson" philosophy to the fellows and elementary teachers, because it could dramatically improve the quality of instruction in both K-12 and university education. For instance, elementary-school teachers, with the aid of highquality professional development activities, a strong curriculum and associated supplies, and other support during the academic year, can and do become strong advocates for and promoters of science (Loucks-Horsley et al. 1998) . Encouraging the creation of a school culture that includes scientific research on learning and job-embedded professional development can transform teaching (O'Brien 1999).
Implementation
Over three years, we had a total of 24 graduate teaching fellows and 9 undergraduate teaching fellows working with 38 teachers in grades 3, 4, 5, and 6, about half of the teachers in those grades in the school district. Each year we discussed the evolving state of the curriculum maps and 5E units with the current teaching fellows, participating teachers, and other school district personnel. During the summer, the teaching fellows worked with other graduate students (i.e., in the Master of Arts in Teaching [MAT] program) and participating teachers to develop drafts or refinements of 5E cycles and boxes of materials for hands-on activities and demonstrations that match the cycles. Each academic year, the teaching fellows (graduate research students) and a new group of teachers completed a one-week institute that emphasized the use of the 5E teaching cycle to address student misconceptions and a walkthrough of conceptually linked 5E units aligned with the district curriculum maps and state standards.
For the teaching fellows, two additional days were devoted to classroom management, curriculum-embedded assessment, learning styles, and helping instructors develop an appropriate "cultural" perspective. Scientists and engineers tend to be very analytical and linear in their thinking and are not aware of how different their learning (and teaching) styles or multiple-intelligence profiles may be from that of students (Felder 1993 (Felder , 1996 ."Multiple intelligences" are the many ways that people can exhibit intelligence (Gardner 1983) ; an individual's learning style is the intelligences put to work (Armstrong 1994) . Nor are science majors aware that the transition for most students from the world of their daily life to that of a science classroom is truly a cross-cultural experience, and for many it is a difficult, if not a seemingly impossible, transition (Aikenhead and Jegede 1999) . Science instruction needs to take these differences into account. Central to the program was developing the idea that the fellows are ambassadors of science, whose job it is to promote scientific literacy in different cultural situations (which is the responsibility of all successful citizen-scientists).
As required by NSF, the fellows spent 10 hours per week during the academic year in classrooms as science resource specialists and 5 hours per week preparing for their classroom work. The teacher-fellow teams implemented the 5E units. The units were refined on the basis of feedback from Saturday workshops with the teachers and teaching fellows, surveys filled out by the teachers and elementary students, and biweekly meetings of the teaching fellows with university faculty.
Assessment
Impact on learning was assessed with pre-and postassessment of misconceptions for each science unit, using wording obtained from published studies and summaries (AAAS 2001) and from Web sites on misconceptions (AIP 1998) . For example, pre-and postassessment of misconceptions by fourth graders (n = 37) about soil showed a change from misconception to accepted conception about water's ability to break rock (via freeze and thaw) in 66 percent of the class, and a reduction of 28 percent in the misconception that "all soil is the same" (it isn't). Considering that the 5E approach was new to the teachers, that the 5E units were still in the development stage, and that the fellows could not be there every day to reinforce concepts with teachers and students, these changes were substantial.
Another part of our assessment was the "How Did It Go?" form. For instance, for the 5E unit on plants for grade 4, all of the teachers said that they enjoyed teaching the lessons, that they planned to use them next year, that the lessons met New York State standards, and that students mastered and were quite interested in the material. These teachers also said that the teaching fellows greatly helped them implement the unit. As indicated by rubric scores from the classroom observations made by the program coordinator (a retired physics teacher), fellows improved their communication skills by 19 percent, the quality of their science instruction by 14 percent, their coteaching with a teacher by 17 percent, and their use of the 5E model by 14 percent, such that by the end of a year the average score was in the top rubric level, and the program coordinator believed the fellows' skills in these areas were equivalent to those of MAT interns.
We also used surveys for pre-and postassessment of attitudes about science held by the elementary-school students, the teachers, and the teaching fellows (box 1). An educational statistician working through Binghamton University's Center for Learning and Teaching helped us develop these survey instruments. We obtained permission from the university's Human Subjects Research Review Committee and from the school district to distribute the surveys.
We learned much from these surveys (tables 1, 2). For example, at the start of the institute, the elementary-school teachers were more optimistic about the quality of school science than were the fellows (table 1). Yet both the teachers and the teaching fellows indicated that in their experience of taking science courses, many topics were covered, but the ideal would have been to study a few fundamental concepts in greater depth (table 2) . Both teachers and fellows also felt that their experience in science courses was heavily biased toward "knowing facts" but that the ideal would have been "understanding concepts." That was useful information, because teachers and fellows in their own teaching practices tend to emphasize factual knowledge and broad coverage rather than covering a few key concepts well. National data support this finding and also support the contention that people tend to teach the way they were taught (Weiss et al. 2003 ).
Part of the power of the 5E teaching cycle, the process that is introduced to teachers and fellows in the workshops, is that it addresses how to develop key concepts incrementally and thus to provide an integrated structure for curriculum, instruction, and assessment as a seamless package. Consequently, teachers don't have to depend on a textbook approach (often with unrelated facts; overemphasis on vocabulary; broad, superficial coverage; inaccurate or developmentally inappropriate information; and illogical sequencing of concepts). The survey results made it clear that we had to find ways to help both the teachers and teaching fellows come to terms with the inadequacies of the textbooks and with the discrepancy between their own actual practice of teaching and their ideal.
All of the teaching fellows indicated that they (a) had produced worthwhile products; (b) observed in the teachers an increased understanding of the 5E approach and increased usage of active-learning and discovery-based ways of teaching; (c) observed in their students an increase in scientific knowledge and enthusiasm for science; (d) felt the experience was Teaching Science. Assessment of how much science teaching occurred in the program and how the teachers feel about teaching science; given to two groups of teachers, those participating in the summer institute and those who were not.
View of Science and Science Teaching. Given to both teachers and university teaching fellows. The questions were derived from published surveys or lists.
View of Science Student Questionnaire. Given to elementaryschool students. The questions were derived from published surveys or lists.
How Did It Go? An evaluation of the instructional units that the teachers and teaching fellows developed. The teachers participating in the project completed one form per unit.
Rubric for Teaching Fellow Performance in Classroom.
Used by the program coordinator for in-class observations and feedback.
Evaluation of Teaching Fellows by Faculty.
Report from faculty advisors and graduate directors on the progress of fellows and the effects on graduate programs.
End of Fellowship.
Debriefing form given to the teaching fellows at the end of the academic year.
Box 1. Survey instruments developed for the GK-12 program at Binghamton University.
worthwhile; (e) planned to use the 5E teaching cycle when they teach courses of their own; (f) believed they, like their students, now had a better understanding of science; (g) had improved their communication and teamwork skills; and (h) think now that they can improve K-16 science education. The fellows were all substantially affected by the experience (box 2).
Almost every teaching fellow and participating teacher had stories about students who caused problems in class or never showed any interest in anything but now cannot wait to have the science period. Parents reported that their children were talking about science and about the scientist (i.e., the teaching fellow) in the classroom; around town, parents stopped teachers and teaching fellows to talk about this and say "thank you." For example, one parent told a male teaching fellow how much her third-grade daughter liked science now, but then asked if it was okay for a girl to like science and if a career in science was possible for her. He assured her it was!
Discussion and conclusions
We have seen marked changes in how our partner district approaches this grant. Over the course of the last three years, we have had many meetings with the district. Coupled with the The general public views science literacy as important for today's adults. 35 13 < 0.01
Elementary schools are providing students with the kind of quality science 47 3 < 0.00001 education they will need in the coming century.
Middle schools are providing students with the kind of quality science 43 8 < 0.0002 education they will need in the coming century.
High schools are providing students with the kind of quality science 45 25 < 0.046 education they will need in the coming century Science education reform, as exemplified by the New York State 52 30 < 0.033 standards, will substantially strengthen science education and improve student performance.
Note: Responses at beginning of the academic year are shown only for statements for which there were differences between teachers and teaching fellows. a. Statements were derived from published surveys (Mullis and Jenkins 1988, Lapointe et al. 1989 ). b. A Likert scale of "strongly agree," "agree," "neutral," "disagree," and "strongly disagree" was used, and the categories of "strongly agree" and "agree" were pooled for partitioned comparison of teachers and fellows. Note: Sample size was 58 teachers and 33 teaching fellows, except in some cases where particular questions were missed or double-answered. Only a few of the contrasts are shown here; the others showed similar patterns. Percentages may not total 100 because of rounding.
a. For each set of possible answers, respondents could either choose "strongly agree" or "agree" for one or the other of two opposing statements, or "neutral" (i.e., balance between the two statements). The contrasts were developed from an NAS (1995) publication.
enthusiasm that the teachers, students, and parents have expressed about the project, these meetings have brought a renewed focus to elementary-school science in the district. The teachers are now asking us to help them get the district to revise the science curriculum maps (which up to now have been put together by elementary-school teachers who volunteer to make the maps, regardless of their background in science, which is almost always slight), and the district is asking us to continue working with the teachers to create a groundswell of support for this revision.
The teaching fellows have had a crucial role in this process. They were in the classrooms collaborating with teachers on implementing and then refining the science units. They were instrumental in helping the teachers see the value of linear conceptual development in the curriculum maps through the year and across grades. In the process, the fellows were reflecting on what the linearity should be, which helped them be better scientists and teachers. The fellows saw that they were accomplishing much more than delivering science content to elementary-school students and helping teachers adopt handson science units; they were facilitating fundamental change in how the teachers thought about the development of science content and habits of mind with their students. This is especially important because the fellows tended to be unsure about their ability to relate well to elementary-school students and their teacher-partners. The fellows came out of the program realizing that they could contribute at a high and satisfying intellectual level. As they came to see the value of these partnerships, they were also becoming better scientists, and not just because they were learning to articulate complex ideas or because they were learning about the practice of teaching. They were also reflecting deeply on fundamental science and pedagogical concepts. Teaching fellows said that they now understand the logical sequencing of concepts, and About training "My first realization was unsettling: I had been taught by teachers my whole life (with the exception of a select few) who focused on details rather than concepts, answers rather than the search for answers, and test grades rather than true understanding." "At the beginning of this fellowship I was very skeptical of the 5E cycle. Over the first couple weeks of learning the process of the 5E cycle and how to work with it, I learned that this process of 5E is an extremely powerful tool. First, it gets the kids into the work by doing hands on, which helps kids to form questions or hypotheses. Second, it brings up misconceptions about science."
About schools "The public school system is much more complex than I realized. Teachers are asked to perform a nearly impossible job within the current restrictions of our educational system. The same is true of K-12 administrators.... However, despite all of the obstacles, my experience in the classroom this semester has shown me that the students are capable of learning science (as well as other subjects) at a much higher level than what is currently being attained." "With numerous state and federal assessments that have to be administered, there is limited time to teach beyond memorization of terminology that will be on 'the test.' I feel this program has given teachers more confidence in the ability of their students to learn the 'science behind the terms' ...."
About teachers "I had no idea of the amount of time it takes to make a complex lesson plan. At this level [fifth grade]...they need to know why and understand it, not be taught 'it just is.' If kids can understand the workings of things from the very beginning, then they can successfully build on that.... I have had the opportunity to learn and address many of the misconceptions these kids have about science." "I worked with two teachers with very different teaching styles, which has helped show me how much teaching is individualized to best fit the personality of the teacher and the learning styles of his or her students." About teaching fellows "After teaching fifth-grade children for the past semester, I believe that I am the one who has learned the most. In teaching basic scientific principles, I have learned some of them myself.... Surprisingly, relearning and so understanding the most basic science has done wonders for me in quantum mechanics...." "At the beginning of the semester the teacher occasionally had to interpret what I was trying to say in a language that the fourth graders could comprehend. I have improved considerably at realizing what the fourth graders will understand. The teacher is great at taking everyday things that the students will identify with and relating them to new complex ideas that we introduce." About elementary-school students "A little girl said, 'I don't know.' She said it with sincerity and...she was quite disappointed in herself. I surprised her when...I said, 'That's right, science is all about exploring the things we don't know.'" "I worked mainly with the students from each class who are considered 'slow' compared to other students. I found the problem not to be that they actually are very learning-challenged, but that they are continually told that they are by the school and others. I found this extremely frustrating and heartbreaking."
